For more than 50 years, it has been assumed that ventricular fibrillation (VF) is maintained solely by reentry in the working myocardium. This hypothesis has never been tested by recording VF with electrodes spaced sufficiently close to map activation sequences in 3D. We recorded the first 10 minutes of electrically induced VF from the anterior left ventricular (LV) free wall near the insertion of the anterior papillary muscle in 6 pigs. A 3D transmural unipolar electrode array consisting of a 9ϫ9 array of needles with 2-mm spacing and 6 electrodes 2 mm apart on each needle was used for recordings. Automatic analyses were performed to recognize 3D reentry and foci. Our results showed that intramural reentry is present early but not late during VF in the mapped region. The incidence of reentry in working myocardium decreases almost to 0 after 3 minutes of VF. In contrast, intramural foci are present during early VF and, as VF continues, increase in incidence, so that by 10 minutes of VF, 27% of wavefronts arise from intramural foci. These results suggest that, particularly after the first 3 minutes of VF, mechanisms other than local reentry in the working myocardium maintain VF in the anterior LV free wall near the root of the anterior papillary muscle. Intramural foci may play an important role in later VF maintenance. It remains to be determined if these foci arise from Purkinje fibers attributable to abnormal automaticity, afterdepolarizations, or reentry. (Circ Res. 2008;102:1256-1264.) Key Words: intramural VF Ⅲ focal arrhythmia Ⅲ long duration VF
S udden cardiac arrest is a leading cause of death in the industrialized world. 1 Many sudden cardiac arrests are caused by ventricular fibrillation (VF). 1 Sustained reentry in the working myocardium has been assumed to maintain VF, [2] [3] [4] which was confirmed by the experimental observations of epicardial reentry in guinea pigs and rabbits. [5] [6] [7] [8] However, in larger hearts of a size near to that of human hearts, epicardial reentry is rare and short-lived. 9 -12 Intramural reentry has been suggested to be responsible for VF maintenance. 11, 13 However, 3D intramural mapping with a spatial resolution sufficient to track reentrant wavefronts have not previously been conducted.
Although much has been learned about VF from animal, human and computer modeling studies, 1 most of these studies deal with short duration VF. Yet the mean time from collapse until defibrillation in the prehospital setting where most cardiac arrests occur ranges from 4 to 10 minutes. 14, 15 This time markedly affects outcome, with the odds of survival decreasing approximately 10% per minute. 14 Understanding the temporal dynamics of the electrophysiological mechanism for VF maintenance may increase our understanding of decreasing survival as VF continues.
A suite of computer programs has been developed previously by Rogers and coworkers, 10, 16, 17 in which the electric activations on a 2D plane are quantitatively analyzed. In this study, we extended this suit of programs to 3D and used it to analyze electric recordings in a 3D volume with 2-mm spacing. We recorded long-duration VF from the anterior left ventricle (LV) free wall in swine hearts and detected intramural wavefronts, intramural reentry, and intramural foci with these 3D programs. We found that the incidence of reentry in working myocardium decreases almost to 0 after 3 minutes of VF. In contrast, intramural foci are present during VF and, as VF continues, increase in incidence.
Materials and Methods

Animal Preparation
The use of experimental animals in this study was approved by the Institution Animal Care and Use Committee at the University of Alabama at Birmingham. All studies were performed in accordance with the guidelines of the American Heart Association on Research Animal Use.
Twelve pigs (42.6Ϯ4.0 kg) were studied. Details of the animal preparation have been described previously. 18 The animals were anesthetized and ventilated in a restrained, dorsally recumbent position. The chest was opened by median sternotomy, and the heart was exposed.
plaque was sutured to the anterior lateral right ventricle and anterior LV epicardium near the apex. The electric signals during sinus rhythm and pacing from the apex at 300-ms basic cycle length were recorded with a 528-channel, 2-KHz-sampling-rate mapping system and band pass-filtered between 0.5 Hz and 1 kHz. After that, a 10-minute VF episode induced by a 9-V battery touching the right ventricle was recorded.
Six pigs were used for the 3D plunge needle study. A transparent silicon rubber (Sylgard 184, Dow Corning Corporation, Midland, Mich) plaque was sutured to the anterior LV epicardium Ϸ0.5 cm from the left anterior descending artery and Ϸ1 cm from the apex. The plaque contains 9ϫ9 holes with 2-mm spacing for guidance of the needle insertions ( Figure 1 ). Fiberglass-reinforced epoxy needles with a diameter Ͻ0.7 mm were constructed as described previously. 19 Each needle contains 6 unipolar electrodes with 2 mm spacing. The size of the mapped regions is 1.8ϫ1.8ϫ1.2 cm 3 . The typical thickness of the LV free wall at our mapped regions is Ϸ1.6 cm. To alleviate ischemia, no needles were inserted through any holes with significant branches of the left anterior descending artery below them.
After insertion of all needles, we waited for 30 minutes before the data recordings to eliminate the injury current. The activations during sinus rhythm, pacing, and 10 minutes of VF were recorded with the same settings as in 2D mapping. After the experiment, the heart was fixed in 10% formalin overnight. The locations of the needles and the electrodes were determined as described previously. 20, 21 
Wavefront Analysis
Three-dimensional wavefront analysis programs were developed using algorithms similar to those for 2D analysis developed previously. 16, 17 Samples with the first time derivatives (dV/dt) less than Ϫ0.5 V/sec were considered active. Individual wavefronts were isolated by grouping active samples adjacent in space and time. The source wavefronts and the resultant wavefronts resulting from wavefront fractionation and collision were considered to be different wavefronts.
The following 4 types of wavefronts were recognized: (1) foci, a wavefront that appears de novo within the central portion of the mapped region, without arising from another wavefront or without propagating into the mapped region from outside it; (2) fractionation, a wavefront arising from the split of a previous wavefront into 2 or more wavefronts; (3) collision, a wavefront arising from 2 or more wavefronts colliding; and (4) boundary, a wavefront propagating into the mapped region from outside it. The 10-minute VF recording was divided into 600 one-second episodes. On each episode the above wavefront analysis was performed.
Reentry Analysis
Three-dimensional reentry was detected using the same algorithm as in 2D. 10 Wavefronts were combined into "components." A component is defined as a group of wavefronts connected by fractionations and collisions. All components were divided into 3 types: (1) reentrant, which contains a sequence of wavefronts that activate the same portion of tissue more that once; (2) multiple-wavefront, which is nonreentrant, but contains multiple wavefronts,; (3) singlewavefront, which is nonreentrant and contains one wavefront. For the reentrant component, the wavetip and the core of the 3D reentry were defined in the same way as in 2D. 10 In short, the broken end of a reentrant wave is called the "wavetip." The wavetip path is defined as the shortest possible path connecting active electrodes in each frame of a reentrant component. 10 When the wavetip path forms a closed cycle (Figure 2A ), the region enclosed by the path is called the "core." 22 A reentry core was recognized when the reentry wavetip passes the same electrode twice within a certain time interval (details in online data supplement, available at http:// circres.ahajournals.org). The cycle length of the reentry core was calculated.
For each reentry core, an optimal 2D plane was calculated as follows. Firstly, a 3D Cartesian coordinate system ( Figure 2B ) is defined with its origin located at the geometric center of the core electrodes (all the electrodes located on the closed reentry wavetip path surrounding the reentry core). We define dx, dy, and dz as the maximum value minus the minimum value of the x, y, and z coordinates of the core electrodes. The orientation of the z-axis is determined such that dz is the smallest ( Figure 2C) . The x-y plane perpendicular to the z-axis ( Figure 2B and 2D) is defined as the optimal 2D plane. When the 3D reentry cycle is projected on the optimal 2D plane, the "optimal" 2D view of the 3D reentry is achieved that shows the complete reentry circuit on this plane. Once the z-axis orientation is determined, the orientations of the x-and the y-axis are determined such that the product of dx and dy is the smallest ( Figure 2D ). Once the orientations of the x-, the y-, and the z-axis are all determined, dz is defined as the first short axis of the reentry core, the smaller value of dx and dy is defined as the second short axis, and the larger value of dx and dy is defined as the long axis. The core electrodes can be contained within a cuboid whose volume is the product of dx, dy, and dz, which is defined as the core size. The angles between the optimal 2D plane and the epicardial surface (represented by the 2D plane composed of the most epicardial electrode locations on all the needles) were calculated for each reentry core.
Evaluation of the Effect of the Three-Dimensional Mapping Array on Cardiac Electric Activation
To determine whether the introduction of the 3D mapping array significantly changes the electric properties of the tissue, we constructed a 2D plane using the electrodes located on the epicardium (the first electrode on each plunge needle). The conduction velocities (CVs) on this plane during sinus rhythm, pacing, and 10 minutes VF were compared with those from the 2D epicardial recordings at the same location. The CV was calculated using the algorithm of Salama et al. 23 If the 3D mapping array had no significant effect on activation, the number of VF wavefronts entering and exiting the array should be equal. To test this prediction, all the electrodes were divided into 6 Figure 1 . Configuration of the plaque for 3D mapping. There are 9ϫ9 holes at the center of the plaque for holding the needles. Four small holes at the corner are for suture. One plunge needle is shown inserted through the plaque.
planes parallel to the epicardium (composed of the first to the sixth electrode on each needle). The planes closest to the epicardium and the endocardium were excluded from the analysis. The electrodes on the other 4 planes were divided into "boundary electrodes" composed of the most outside electrodes and "center electrodes" composed of the remaining electrodes. To evaluate whether there is unidirectional wavefront block at the boundary of the 3D array, we conducted the following analysis. The mean activation rates, defined as the number of activations (dV/dt changes from above Ϫ0.5 V/sec to below it) on each electrode per unit of time, of the boundary electrodes and the center electrodes were calculated for each 1-second VF episode and were compared. The number of wavefronts propagating from boundary electrodes to center electrodes per millimeter squared and the number of wavefronts propagating in the reverse direction per millimeter squared were counted and compared.
To determine whether insertion of the needles damages the tissue and causes focal activations, we visually inspected all the sinus rhythm activations after the insertion of the needles and before the 10-minute VF recordings. The number of ectopic beats was counted. Whether the ectopic beats initiated from outside or inside the mapped region was determined by analyzing the activation patterns.
Statistical Analysis
Group data were expressed as meansϮSD. Student t test was used to compare group data. ANOVA with repeated measures was used to compare the epicardial CV of 2D and 3D recordings and the difference between the boundary electrodes and the center electrodes during 10 minutes of VF. A 3D Kolmogorov-Smirnov goodness-offit test 24 was conducted to determine whether the distribution of reentry wavetips and the sites of foci differed from a uniform distribution. PϽ0.05 was considered statistically significant.
Results
Effect of the Three-Dimensional Mapping Array on Cardiac Electric Activations
With 3D mapping, the CV at the epicardium during sinus rhythm was significantly decreased compared with 2D mapping (1.03Ϯ0.11 m/sec versus 1.37Ϯ0.34 m/sec, unpaired t test, Pϭ0.04). During pacing from the apex at a 300-ms basic cycle length, the epicardial CV was not significantly different for 3D versus 2D (0.86Ϯ0.13 m/sec versus 0.95Ϯ0.17 m/sec, unpaired t test, Pϭ0.25). During 10 minutes of VF, the epicardial CV was not significantly different for 3D versus 2D (ANOVA with repeated measures, Pϭ0.31, see Figure II in the online data supplement for more details).
The activation rate difference between the boundary electrodes and the center electrodes was insignificant (ANOVA with repeated measures, Pϭ0.07). The incidence of the wavefronts propagating from boundary to center was not significantly different from the incidence of the wavefronts in the reverse direction (ANOVA with repeated measures, Pϭ0.69). More details are shown in supplemental Figure III .
Of the 739 sinus beats recorded from the 6 animals, 16 (2.1%) were ectopic beats, including 2 (0.3%) focal ectopic beats initiating from inside the mapped region. The incidence of foci during sinus rhythm was significantly lower than that during the first 10 seconds of VF (0.0022Ϯ0.0038 foci/sec versus 0.5Ϯ0.48 foci/sec, Pϭ0.03, paired t test). 
Intramural Reentrant Circuits
Of the 80 565 components detected during the six 10-minute VF episodes, 419 (0.5%) were reentrant, 10 339 (12.8%) were multiple-wavefront, and 69 807 (86.6%) were singlewavefront. A representative example of program-detected 3D reentry is shown in Figure 3 . This reentry lasted 3 complete cycles. During each cycle, the reentry wavetip meandered along a complex 3D pathway, making it difficult to identify reentry by visual inspection of the 3D isochronal maps (Figure 3 , first column). However, the complete reentrant circuit was observed on the 2D optimal plane for each cycle (Figure 3, second column) . None of the 2D optimal planes was parallel to the epicardium. Therefore, these intramural reentrant circuits may not appear "reentrant" on the epicardial surface. A complete reentrant circuit was also observed from the electric recordings around the reentry core (Figure 3 , fourth column), where the activation propagated from electrode 1 to electrode 10 and then reentered at electrode 1. Double-peak activations were observed at electrodes 2 and 9, which were located at the sharp-angle corners of the reentry core.
Characteristics of Reentry Cores
The characteristics of the reentry core during 10 minutes of VF are shown in Figure 4 . The size of the reentry core was 322Ϯ177 mm 3 , which was Ϸ12.6% of the mapped volume. The angle between the 2D optimal planes of the reentry core and the epicardial surface was 42°Ϯ 22°. The cycle length increased as VF continued. The size and orientation of the core didn't change with VF duration.
Intramural Focal Wavefronts
In the six 10-minute VF episodes, the program identified a total of 135 534 wavefronts, of which 12 997 (9.6%) arose from foci, 15 774 (11.6%) arose from collision, 25 328 (18.7%) arose from fractionation, and 81 453 (60.1%) entered from the boundary. A representative example of focal wavefronts is shown in Figure 5 . In the 0-ms frame, the wavefront in blue did not originate through wavefront collision or fractionation nor did it propagate into the mapped region from outside it. Therefore, this wavefront was considered to arise from a focus. In the 11-, 22-, 33-, and 44-ms frames, it propagated to other portions of the mapped region. In the 55-ms frame, another focus (red wavefront) appeared within the central potion of the mapped region. Unlike the blue focal wavefront, the red one blocked, probably because of the short time interval between the 2 foci. This focal pattern was also confirmed by the electric recordings at and around the focus initiation area ( Figure 5, fourth row) . The blue focal wavefront originated at the center electrode ( Figure 5 , third row, fifth column, red square) and then spread to other electrodes away from it.
Incidence of Intramural Reentry and Foci
The incidence of reentry and foci were different at different stages of VF ( Figure 6 ). During the first 10 seconds of VF, the average incidence of 3D reentry was 4.8Ϯ4.5% of the components. As VF continued, the incidence increased until it reached a maximum value of 10.7Ϯ4.1% of components at 30 to 40 seconds of VF. Reentry incidence then decreased as VF continued until, after 3 minutes, almost no reentry was detected in the mapped region. In comparison, the incidence of foci was 5.5Ϯ2.9% of wavefronts during the first 10 seconds of VF and increased as VF continued. After 10 minutes of VF, 27.1Ϯ13.9% of the wavefronts arose from foci (0 to 10 seconds versus 590 to 600 seconds, nϭ6, paired t test, Pϭ0.03).
Distribution of Intramural Reentry and Foci
To determine whether reentry or foci occurred repeatedly at specific locations, we plotted the 3D distributions of the reentry wavetips and the sites of foci for each heart. A representative example is shown in Figure 7 . The distributions of reentry wavetips/the sites of foci differed significantly (PϽ0.05) from a uniform random distribution in all 6 pigs. The reentry wavetips and foci tended to cluster in different regions in each heart. Also, the cluster regions of reentry wavetips/foci were not consistent from heart to heart.
Discussion
The major findings of our study are as follows. (1) Intramural reentrant circuits are present early during VF. After 3 min-utes, intramural reentrant circuits are rarely detected. (2) Intramural foci are also present during early VF but with a low incidence. The incidence of intramural foci increases throughout the first 10 minutes of VF. (3) The sites of foci and of reentry wavetips cluster in specific regions of the working myocardium.
Although analysis of the effect of closely spaced plunge needles on the epicardial CV and the activation rates and wavefront propagation direction on the mapping array boundary indicated that insertion of the needles slightly changed the dynamics of cardiac electric activity, it is unlikely that these changes caused the temporal changes of the dynamics of reentry and foci in this study. Two-dimensional reentrant circuits are not detected on the LV epicardium during later VF, 25 which is a necessary condition for our observation that the incidence of intramural reentry decreased almost to 0 after 3 minutes of VF. The size of the reentry core did not change significantly as VF continued. Therefore, it is unlikely that the decrease of reentry incidence with VF duration was an artifact resulting from the reentry core enlarging as VF continued, so that it was less frequently entirely contained within the mapped region. Our study also provided evidence against the possibility that the foci could have resulted from tissue damage caused by the needles. Only 2 focal ectopic beats originated within the mapping region during a total of 515 seconds of sinus rhythm before the induction of VF. Whereas functional or anatomic reentry is frequently observed in guinea pig and rabbit hearts during early VF, [5] [6] [7] [8] electric and optical mapping in dogs, pigs, and humans indicates that less than Ϸ8% of wavefronts on the epicardium exhibit reentry during this period. 9 -12 Intramural reentry has been suggested to be a possible site of a "mother rotor" 11, 26 responsible for VF maintenance. 11, 13 Although we did observe intramural reentry as shown in Figure 3 , its incidence in the mapped region was not high during early VF, and, after 3 minutes of VF, the incidence of intramural reentry decreased almost to 0. These findings do not support the possibility that the mapped region, the anterior papillary muscle insertion, serves as a "mother rotor" during VF maintenance 11, 26 in swine hearts. However, because we only recorded the electric activity from a small portion of the heart, the possibility that a mother rotor persists in the unmapped region and plays a significant role in VF maintenance cannot be excluded. Our wavefront analysis indicated that many wavefronts propagated into the mapping region from surrounding tissue during 10 minutes of VF.
To the best of our knowledge, no experimental study has previously examined the incidence of intramural foci during VF because no study has previously recorded activation sequences in 3D with electrodes sufficiently close to track the complex wavefront pathways of VF. 27 Although focal patterns of activation have been observed on the epicardial or endocardial surface, 12, 18 modeling studies 28, 29 have suggested that this activation pattern represents breakthrough to the epicardium or endocardium originating from intramural reentry or Purkinje-myocardium junctions. Our study used expanded electric mapping techniques that allowed direct examination for intramural foci. In this study, the incidence of intramural foci increases as VF continues, suggesting its increasingly important role in VF maintenance as VF continues. For several reasons, it is possible that these foci arise from the Purkinje fibers, by triggered activity, abnormal automaticity, or reentry. (1) Purkinje fibers of pigs extend from the subendocardium almost to the epicardium. 30 (2) Purkinje fibers are more tolerant to the global ischemia during long-duration VF than is the working myocardium. 31 (3) Although the refractory period of Purkinje fibers is longer than that of working myocardium at normal heart rates, it is as short as or shorter than that of working myocardium at the rapid activation rates of VF. 32 (4) Triggered activity has been shown to occur in the Purkinje fibers during high extracellular potassium concentration and acidosis, 33, 34 as can occur during long duration VF. (5) Enhanced automaticity has been observed in Purkinje fibers of ischemic hearts. 35, 36 (6) Microreentry has been suggested to be a possible driving force of focal arrhythmia. 37 In addition, a modeling study suggested Purkinje-muscle reentry as a possible mechanism for polymorphic ventricular arrhythmia. 28 Focal activity may also arise from the Purkinje-myocardial junctions through triggered activity under certain conditions. 38 Focal activity may also arise from the working myocardium through the mechanisms of early or delayed afterdepolarizations. 1 Transmural mapping from a row of plunge needles in the lateral free wall of pig LV revealed that intramural reentry during early VF is very rare, with an incidence of Ϸ0.3% of the components. 39 However, the incidence of intramural reentry in our study is 7.2% of the components for the same stage of VF. Two issues may account for this difference in intramural reentry incidence. (1) We mapped activation near the insertion of the anterior papillary muscle, which is thought to be an anchoring site for spiral waves. 7 (2) The intramural reentry cores are complex 3D structures (Figures 2  and 3 ), so that complete reentrant circuits are only infrequently present in a single plane perpendicular to the epicardium. In our mapped region, the 2D optimal plane of the reentry core was neither parallel with nor perpendicular to the epicardium, which implied that the complete reentrant circuits will be less frequently observed in a 2D plane parallel with or perpendicular to the epicardium than in 3D mapping. In an optical mapping study, Valderrabano et al mapped the cut edge of a porcine LV wedge preparation and found that 23% of the intramural activations were part of a reentrant pathway during early VF, 8 which is much higher than in our study (8.1% of the components). The different experimental preparations may contribute to this difference. Modeling studies 40 have shown that the filament of the 3D scroll wave tends to attach to an external boundary, such as the cut edge of a ventricle wedge, which may increase the incidence of reentry observed on the boundary.
The limitations of our study are as follows. (1) The mapped region was Ϸ3.9 cm 3 , which was Ϸ4% of the LV free wall volume. Therefore reentry incidence probably was underes-timated because some intramural reentrant circuits could have been only partially located in the mapped region. (2) The spatial resolution of our mapping was Ϸ2 mm. Although this resolution allows quantitative wavefront analysis, microreentry could not be detected. (3) It could not be determined whether the intramural foci are initiated through focal sources such as afterdepolarization and triggered activity from the Purkinje system or through reentry circuits partially or totally within the Purkinje fibers. The sparse distribution of the Purkinje fibers in the working myocardium makes it difficult to record activation pathways within them. 41 
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